We report the peculiar behavior of the GЈ band Raman intensity, which is dependent on the metallicity of single-wall carbon nanotubes ͑SWCNTs͒. In the metallic SWCNTs, the GЈ band intensity was enhanced relative to the G band intensity, while the GЈ band intensity was suppressed in the semiconducting SWCNTs. Resonance Raman spectroscopy ͑using laser energies of E laser = 2.41, 1.96, 1.58, and 1.165 eV͒ showed these features on the metal-enriched and semiconducting-enriched SWCNT samples that had been selectively separated by the nitronium ions. The metallicity dependence was explained theoretically by calculating the resonance Raman intensity within the extended tight-binding calculations. The calculated results confirm that the GЈ band intensity of the metallic SWCNTs is stronger than that for the semiconducting SWCNTs because the electron-phonon matrix elements for the TO phonon at the K point is larger for metallic SWCNTs and the resonance window for E 33 S is larger than that for E 11 M .
I. INTRODUCTION
Carbon nanotubes show peculiar electronic structures due to their one-dimensional geometry with a diameter on the nanometer scale. The momentum of the electrons is quantized along the circumferential direction, and the electronic structures of carbon nanotubes depend strongly on the geometrical structure represented by the chiral index ͑n , m͒. In general, when n − m =3p, where p is an integer, carbon nanotubes become metallic, and semiconducting when n − m 3p. 1, 2 This is valid for nanotubes with diameters greater than 1.0 nm, in which curvature induced narrow band gap for metallic nanotubes can be neglected in Raman spectroscopy. 3 The electronic structures of single-wall carbon nanotubes ͑SWCNTs͒ have been studied extensively by resonance Raman spectroscopy, 4 optical absorption spectroscopy, 5 and photoluminescence 6 ͑or fluorescence 7 ͒ spectroscopy.
The presence of van Hove singularities ͑vHs͒ in the electronic structures of SWCNTs has opened a new research area in resonance Raman spectroscopy of solids. 8 The discrete position of the vHs in the electronic joint density of states ͑E ii ͒ depends strongly on the chirality and diameter of the SWCNTs. Resonance Raman spectroscopy can be used to assign ͑n , m͒ values from a plot of E ii as a function of the diameter of the SWCNT ͑the Kataura plot͒. 9, 10 SWCNTs are synthesized by arc discharge, 11 laser ablation, 12 and chemical vapor deposition. 13 These processes result in the production of SWCNTs with various chiral indices and metallicities. Therefore, an assignment of ͑n , m͒ and metallicity by Raman spectroscopy is essential for evaluating these materials.
The chirality of SWCNTs can be identified using the radial breathing mode ͑RBM͒ in Raman spectroscopy. 10 The RBMs are inversely proportional to the diameter of the SWCNTs, ͑cm −1 ͒ = a / d t ͑nm͒ + b, where d t is the diameter of the SWCNT, and a and b are constants that vary according to the environment such as the bundle or substrate. For example, a = 248 and b = 0 for isolated nanotubes on a SiO 2 substrate, and a = 234 and b = 10 for bundles. 10, 14 However, the assignment becomes difficult for a relatively higher E ii and a larger d t because there are many overlaps of ͑n , m͒ in the Kataura plot between semiconducting and metallic SWCNTs. G band spectra might be able to distinguish between metallic and semiconducting SWCNTs in the Raman spectra, where the separation of frequencies for the split G band ͑G+ and G−͒ has a different diameter dependence and a different spectral shape. 15 This discussion is difficult because the G band Raman intensity strongly depends on the chiral angle, 15 particularly for a SWCNT with a chiral angle near a zigzag nanotube. 16 Therefore, simple information on the metallicity of SWCNT by Raman spectroscopy is desired.
In this paper, we demonstrate that the GЈ band ͑Raman signal 4 near 2600 cm −1 ͒ intensity shows a strong dependence on the metallicity of the sample. The GЈ band usually has a higher intensity in SWCNTs than the D band because the GЈ band is caused by two-phonon scattering processes that are free from the defect structures, while the D band consists of elastic and inelastic scattering processes. 17 The metallicity dependence of the GЈ band intensity relative to the G band intensity was observed by separating the metal-enriched or semiconducting-enriched SWCNT samples by the oxidation of nitronium ions.
The experimental results were confirmed by calculating the resonance Raman intensity for the GЈ band using the double resonance Raman scattering theory. 17 Since the GЈ band corresponds to a two-phonon scattering process of phonons around the K point ͑hexagonal corners of twodimensional Brillouin zone͒, the Raman intensity can be calculated as a function of the laser excitation energy E laser using the electron-photon 18 and electron-phonon matrix elements for each ͑n , m͒ value. 19 Recently, there was a report on the exciton effect for the Raman intensity. 20 However, this study did not use the exciton-phonon and exciton-photon interactions but instead used the electron-phonon and electronphoton interactions for simplicity. This is because the exciton-phonon interaction gives a similar value to the electron-phonon interaction, and the exciton-photon interaction does not change the relative intensity. 20 It was shown that the present calculation could explain the metallicity dependence. The GЈ band intensity calculation by the exciton wave functions will be reported elsewhere.
In Sec. II, we will explain the experimental method and details of the calculation. In Sec. III, experimental results for Raman spectra for several laser energies and theoretical results are presented. We will compare the experimental results with the calculated results. In Sec. IV, the discussion and summary are given.
II. METHOD
The dependence of the GЈ band intensity on the metallicity of SWCNTs has been observed by resonance Raman spectroscopy ͑Renishaw, microprobe RM1000-Invia͒. Several excitation energies of 2.41 eV ͑514 nm, Ar + ion laser͒, 1.96 eV ͑632.8 nm, He-Ne laser͒ with a notch filter, which accepts a spectral range of 50-4000 cm −1 , and 1.58 eV ͑785 nm, diode laser͒ with a notch filter ͑100-3600 cm −1 ͒ were used in this study. Fourier transformed Raman ͑Bruker IFS-66/S͒ spectroscopy was also carried out with an excitation energy of 1.165 eV ͓1064 nm, Nd:YAG ͑YAG denotes yttrium aluminum garnet͒ laser͔ using the Rayleigh line rejection filter with a spectral range of 70-3600 cm −1 .
Two types of pristine SWCNT samples were used in these measurements. One type was highly purified SWCNTs synthesized by arc discharge ͑Iljin Nanotech͒, with diameters ranging from 1.4 to 1.6 nm. 21 Another type is the high pressure carbon monoxide ͑HiPCO͒ SWCNTs ͑Carbon Nanotechnologies Inc.͒ with diameters ranging from 0.8 to 1.3 nm. The HiPCO sample was further treated by nitronium ions to remove the metallic SWCNTs. 22, 23 In this treatment, 10 mg of the pristine sample were sonicated for 24 h in tetramethylene sulfone/chloroform ͑1:1 by weight͒ containing 50 mmol nitronium hexafluoroantimonate ͑NHFA͒. Details of the sample preparation have been reported elsewhere. 22 A previous paper discussed the sample qualities determined by RBM and G band Raman spectroscopy. 23 The semiconducting SWCNTs were chosen particularly for their small diameters ͑Ͻ1 nm͒. The acidtreated samples ͑HNO 3 :H 2 SO 4 =1:9 by volume ratio͒ were also used in this experiment. 23 The experimental results were compared by calculating the two-phonon scattering processes for the GЈ band intensity using the extended tight-binding ͑ETB͒ method. 19 The electronic energy dispersion of a SWCNT was obtained using the ETB method, in which 2p z , 2p y , 2p x , and 2s atomic orbitals are taken into account to reproduce the E ii values for a SWCNT, particularly for a smaller diameter SWCNT. The phonon dispersion relation, ប, was calculated using a forceconstant tight-binding model, in which the force constant was taken up to the 20th nearest neighbor atomic sites given by Dubay and Kresse, 24 which reproduce the phonon dispersion obtained by inelastic x-ray scattering. The Raman inten- sity for the GЈ band Raman spectra, I͑ , E laser ͒, is given as a function of the Raman shift, , and E laser using the following formula:
͑1͒
where ⌬E ai = E laser − ͑E a − E i ͒ − i␥ is the energy denominator and ␥ denotes the Raman resonance width. i, a, b, and c denote the initial state, the excited state, the first scattered states, and the second scattered states of the photoexcited electron, respectively. For simplicity, only electron scattering processes but no hole scattering processes were taken into account in this case. M el-ph , and M op show the electronphonon and electron-photon interaction matrix elements, respectively, which were calculated using the ETB electronic wave function, and the force-constant tight-binding phonon modes. In the calculation of electron-phonon interaction matrix elements, the amplitude of the atomic vibration for each carbon atom was calculated for a large unit cell with a length of 1000 nm and at a temperature of 300 K. In the summation of the phonon frequencies 1 and 2 , the energy-momentum conserved phonons, either for M el-ph ͑b , a͒ or for M el-ph ͑c , b͒, were selected to satisfy the double resonance condition, either for the incident resonance or for the scattered resonance, respectively. 4 For 1 and 2 , 6ϫ 2 ϫ 2 ϫ 2 = 48 possible energy-momentum phonon modes can exist as far as the scattered electronic states are unoccupied because there are ͑1͒ six phonon modes in the two-dimensional ͑2D͒ graphite Brillouin zone, ͑2͒ two intraband and interband scatterings, where the intraband and interband scatterings denote the scattering of an electron from K to K ͑or KЈ to KЈ͒, and from K to KЈ ͑or KЈ to KЈ, ͑3͒ two scattering directions ͑forward and backward scatterings͒, and ͑4͒ phonon absorption and emission. For the GЈ band intensity calculation, we select some of these possible cases, that is, two phonon modes ͓in-plane transverse optic ͑iTO͒ and in-plane longitudinal optic ͑iLO͒ mode͔, interband scattering, forward scattering, backward scattering, and only phonon emission. In the denominator of Eq. ͑1͒, the Raman resonance width ␥ in ⌬E ai = E laser − ͑E a − E i ͒ − i␥ was calculated from the uncertainty principle for a finite lifetime of an electron due to the electron-phonon interaction for each ͑n , m͒ SWCNT using the Fermi golden rule.
͑2͒
Here, W i represents the transition rate for the scattering of the photoexcited electron from an initial state i to all possible final states f by six phonon modes per unit time, satisfying the energy-momentum conservation. The calculated ␥ values were checked in order to reproduce the resonance width of the Raman excitation profile for the RBM modes observed by single nanotube spectroscopy. 26 Figure 1 shows the Raman spectra of the pristine arc discharge SWCNTs with laser excitation energies at ͑a͒ 2.41 eV ͑514 nm͒, ͑b͒ 1.96 eV ͑632.8 nm͒, ͑c͒ 1.58 eV ͑785 nm͒, and ͑d͒ 1.165 eV ͑1064 nm͒. The corresponding RBM spectra were enlarged in the inset with phonon frequencies ͑bot-tom͒ and diameter ͑top͒. The numbers of G band and GЈ band show the phonon frequencies. All peak intensities were normalized to the G band intensity at 1589-93 cm −1 . For the 2.41 eV E laser , the RBM spectra correspond to the E 33 S and E 44 S semiconductor resonance conditions that were assigned by the calculated Kataura plot by ETB model ͓Fig. 1͑e͔͒. This assignment is consistent with the fact that the G band spectra do not show a metallic Breit-Wigner-Fano ͑BWF͒ line but a Lorentzian G band at the lower energy side ͓Fig. 1͑a͔͒. 27 The GЈ band was observed at 2680 cm −1 , in which the intensity of the SWCNT was not as strong as the G band intensity.
III. RESULTS AND DISCUSSION
On the other hand, for the 1.96 eV E laser , the RBM spectra could be assigned as being metallic ͑E 11 M ͒ and semiconducting ͑E 33 S ͒ SWCNTs, as shown in Fig. 1͑b͒ . This is despite the fact that a relatively strong RBM intensity in the semiconducting SWCNTs ͑163 cm −1 ͒, strong BWF line in the G FIG. 3 . ͑Color online͒ Raman spectra of the acid-treated HiPCO samples: pristine ͑bottom͒, for 12 h ͑middle͒, and for 48 h ͑top͒ at excitation energies of ͓͑a͒-͑c͔͒ 2.41 eV and ͓͑d͒-͑f͔͒ 1.58 eV. The notations are the same as shown in Fig. 1. band, and prominent GЈ band intensity were also observed. This can be explained by the effect of a scattered photon resonance condition, in which the scattered resonance condition for the GЈ band appears at 0.32 eV lower than the incident resonance condition. 15 Therefore, for the 1.96 eV E laser , the scattered resonance condition appears at approximately 1.64 eV, which corresponds to E 11 M for the frequency region ͑170-220 cm −1 ͒ of the SWCNTs. On the other hand, the scattered photon ͑dashed line͒ condition for E 11 M also lies at E 11 M . Thus, the metallic SWCNTs in the sample enhance the BWF and GЈ band intensities, as shown in Fig. 1͑b͒ . For the 1.58 eV E laser , only metallic SWCNTs were resonant in the RBM spectra, as shown in Fig. 1͑c͒ . Nevertheless, neither the BWF nor GЈ band intensity was as strong as those for 1.96 eV E laser . This can be explained by the effect of the scattered photon, in which the scattered resonance condition for this E 11 M does not exist ͓perpendicular red line in Fig. 1͑e͔͒ for the given diameter region. This yields a relatively low GЈ band intensity compared with those observed with the 1.96 eV E laser . For the 1.165 eV E laser , the dominant contribution to the RBM spectrum is the semiconducting SWCNTs. Hence, the GЈ band had a weak intensity, as shown in Fig. 1͑d͒ . No scattered resonance condition from E 22 S was expected in this case. The strong dependence of the GЈ band intensity on the metallicity of the SWCNTs was observed in the HiPCO samples, as shown in Fig. 2 . The pristine HiPCO sample consists of both metallic and semiconducting SWCNTs for the 2.41 eV E laser . After the NHFA treatment followed by thermal annealing at 900°C, the metallic SWCNTs with small diameters were removed completely, while there were still semiconducting SWCNTs present without damage. This situation was confirmed by the significant reduction in BWF component in the G band shown in Fig. 2͑a͒ . 27 The GЈ band for the NHFA-treated sample was significantly suppressed because the metallic SWCNTs had been removed. If the metallic SWCNTs with a diameter of approximately 0.95 nm were present in the NHFA-treated sample, a strong GЈ band intensity would be expected due to the scattering resonance condition for the GЈ band at E 11 M . This suggests that the dependence of the GЈ band intensity on the metallicity is dominated by the incident photon resonance of the semiconducting SWCNTs. In the case of 1.96 eV E laser , more metallic tubes with large diameters remained in the sample, while the semiconducting SWCNTs with small diameters were suppressed after NHFA treatment. The BWF lines for the NHFA-treated sample were stronger than those for the pristine sample due to the higher metallic SWCNT component. In this case, the GЈ band intensity becomes stronger. For 1.58 eV E laser , the semiconducting SWCNTs can be resonant to E 22 S even after the NHFA treatment. The intensities of the GЈ band for both samples were much smaller than the G band intensity. However, the metallicity dependence of the GЈ band is not well recognized in this sample. Figure 3 shows the result of the strongly acid-treated HiPCO sample. Nitronium ions that are generated in strong acid condition play a role in selectively attacking the metallic SWCNTs. 23, 28 The degree of metallic SWCNT removal depends on the treatment time. For 2.41 eV E laser , the amount of metallic SWCNTs and the GЈ band intensity decreased with increasing treatment time, which is consistent with the present metallicity dependence. For 1.96 eV E laser , after a 12 h acid treatment, there was no significant difference in the RBMs and, subsequently, no difference in the GЈ band intensity. However, when the acid treatment was continued for up to 48 h, the metallic SWCNTs with large diameters were partially removed. Nevertheless, the GЈ band intensity did not change significantly from that of the pristine sample, while the D band intensity increased due to the formation of defects ͓see solid arrow in Fig. 3͑d͔͒ . Table I summarizes the D and GЈ band intensities relative to the G band intensity for various samples and excitation energies. The metallic SWCNTs clearly show a higher GЈ band intensity compared with the semiconducting SWCNTs. The amount of metallic SWCNTs was significantly reduced in the 48 h acid-treated sample. Nevertheless, the intensity of the GЈ band was not reduced further, but there was an increase in the D band. Although the D band and GЈ band are independent processes, both include the intervalley phonon scattering processes. More study will be needed to examine the relationship between the D band and GЈ band for defectrich SWCNTs.
The GЈ band intensity was calculated for each E ii value of ͑n , m͒ SWCNTs, whose intensity was normalized by per unit length of a SWCNT. Three variables were calculated to obtain the GЈ band intensity: the electron-phonon matrix ele- ment, electron-photon matrix element, and ␥ value. Using the phonon dispersion relation of the SWCNT, the GЈ band might be related to a combination of the iLO and iTO phonon modes around the K point in the 2D graphite Brillouin zone. 4 Moreover, the electron-phonon matrix elements at the K point for the iTO phonon depend on the transition energy E ii . The electron-phonon matrix element for the E 11 M transition for the metallic SWCNTs is larger than that for the E 22 S transition of the semiconducting SWCNTs. The ␥ value was calculated using the relaxation rate from an excited state by emitting all types of phonons. sistent with the experiment for the GЈ band Raman intensity as shown in Figs. 4͑c͒ and 4͑d͒. It should be noted that the GЈ band by the iLO+ iLO phonon combination provides a stronger intensity for semiconducting SWCNT than that for metallic SWCNT for E laser Ͻ 1.5 eV. For excitation energies Ͼ1.5 eV, a few metallic ͑n , m͒ tubes have a stronger intensity than semiconducting SWCNTs. However, electronphonon matrix elements for the iLO phonon at the K point were independent of the metallicity. For the combination of the iTO phonon, E 11 M provides a larger GЈ band intensity than E 22 S and E 33 S as shown in Figs. 4͑a͒ and 4͑b͒. When the reason for this behavior was examined, it was found that the electron-phonon matrix elements of the iTO phonon produce larger values for E 11 M than for E 22 S . For E 33 S , the electron-phonon matrix elements have a similar value compared to E 11 M . However, the ␥ value for E 33 S is larger than that for E 11 M , which reduces the Raman intensity for E 33 S as shown in Fig. 4͑e͒ . Because of the trigonal warping effect, 3 E 11 M , the vHs peak is split into two peaks at lower and higher energies, E 11 LM and E 11 HM , respectively. The GЈ band intensity for E 11 LM is definitely larger than that for E 22 S and E 33 S at all laser excitation energy ranges. The Raman shift for the GЈ band in the calculation was blueshifted ͑ϳ100 cm −1 ͒ compared with the experimental value. The agreement of the theoretical prediction with experiment values will be improved if the Kohn anomaly, 29 which is more dispersive around the K point, is considered.
IV. SUMMARY
This study investigated a peculiar phenomenon in the GЈ band Raman intensity of SWCNTs. The intensity of the GЈ band was strongly related to the metallicity of the sample. This metallicity dependence was explained by electronphonon interactions ͑mostly iTO phonon modes͒ from the extended tight-binding calculations. In addition, the effect of a scattered photon also contributed to the GЈ band intensity in some cases. These results demonstrate that the intensity of the GЈ band in Raman spectroscopy is a measure of the metallicity of carbon nanotube samples.
